Deleterious mutations play an important functional role, affecting trait phenotypes in ways that decrease the fitness of organisms. Estimating the frequency of occurrence and abundance has been a topic of much interest, especially in crops and livestock. The processes of domestication and breeding allow deleterious mutations to persist at high frequency, and identifying such deleterious mutations is particularly important for breed improvement. Here, we assessed genome-wide patterns of deleterious variation in 59 domestic and 13 wild yaks using genome resequencing data. Based on the intersection of results given by three methods (PROVEAN, POLYPHEN2 and SIFT4G), we identified 3187 putative deleterious mutation sites affecting 2586 genes in domestic yaks and 2067 affecting 1701 genes in wild yaks. Multiple lines of evidence indicate a significant increase in the load of deleterious mutations in domesticated yaks compared to wild yaks. Private deleterious genes were found to be associated with the perception of smell and detection of chemical stimulus. We also identified 36 genes related to Mendelian genetic diseases involved in sensory perception, skeletal development and the nervous and immune systems. This study not only adds to the understanding of the genetic basis of yak domestication but also provides a rich catalog of variants that will facilitate future breeding-related research on the yak genome and on other bovid species.
Introduction
Deleterious mutations are defined as missense and nonsense mutations in which amino acid changes are in wellconserved positions that are important for protein function (Adzhubei et al. 2010) . A deleterious mutation usually has a negative effect on the health of an organism and can likely decrease its fitness. Assessing the distribution of these variants at a genome-wide level and across populations is critically important for understanding the phenomenon of deleterious mutation accumulation and the consequent disease-associated traits (Eyre-Walker & Keightley 2007; Kryukov et al. 2007; Henn et al. 2015) .
In humans, current estimates suggest that an individual may carry 300 loss-of-function variants and more than 800 weakly deleterious mutations (Chun & Fay 2009 ; The 1000
Genomes Project Consortium 2010). There is a growing evidence for deleterious mutations being associated with diseases, such as the common type 2 diabetes (Butler et al. 2003) , celiac disease (van Heel et al. 2007) , psoriasis (Onoufriadis et al. 2011) , rheumatoid arthritis (Begovich et al. 2004) , colorectal cancers (Parsons et al. 2005) , hypertension (Lane et al. 2000) , coronary heart disease (Elliott et al. 2009 ) and Alzheimer's disease (Harold et al. 2009 ). In domestic plant and animal species, the domestication process has had a dramatic effect on genomes, resulting in strong genetic drift, relaxation of purifying selection and accumulation of deleterious mutations. Recent studies in dogs have identified an elevated level of deleterious mutations compared to that in grey wolves (Marsden et al. 2016) , and similar patterns have been found in horses (Schubert et al. 2014) , sunflowers (Renaut & Rieseberg 2015) , maize (Mezmouk & RossIbarra 2014) , rice (Kono et al. 2016; Liu et al. 2017) and cassava (Ramu et al. 2017) . These findings suggest that deleterious mutations may accumulate as a result of relaxed selection or genetic hitch-hiking during domestication. In addition, some deleterious mutations can increase the frequency of diseases in domestic animal species (Michot et al. 2016) .
During the domestication of the dog, a deleterious mutation in the RHO gene has increased the likelihood of retinal degeneration (Kijas et al. 2002; Pandya et al. 2016) . A deleterious mutation of the HEXB gene probably causes Sandhoff disease, which can lead to visual defects in domestic cats (Kanae et al. 2007) . In bovid species, several important traits have been affected by deleterious mutations. An ancestral frameshift mutation in the RP1, axonemal microtubule associated (RP1) gene causes recessive retinal degeneration in European cattle breeds (Michot et al. 2016) . The CWC15 gene has been identified as the likely causative mutation underlying a fertility phenotype with decreased reproductive efficiency in Jersey cattle (Sonstegard et al. 2013) , and a deleterious homozygous mutation in the SLC37A2 gene can result in abortion of the fetus in Vorderwald cattle (Reinartz & Distl 2016) . Drawing up a list of putative deleterious mutations in a given species therefore not only allows a substantial part of the genetic load of domestication to be characterized but also facilitates future breeding studies.
The yak (Bos grunniens) is the major livestock species able to survive in extremely harsh conditions of the QinghaiTibetan Plateau (QTP) (Wiener et al. 2003; Qiu et al. 2012) . Currently, there are more than 14 million domestic yaks living and providing necessities (e.g., i.e. food, shelter, fuel and transport) for Tibetans in high-altitude environments. In addition, there are still 15-20 thousand wild yaks roaming in the northwestern region of the QTP (Wiener et al. 2003) . In our previous study, we carried out an intensive survey of genome-wide genetic variation in yaks by resequencing samples from domestic and wild animals so as to reconstruct their demographic history and identify signatures of selection during yak domestication. We discovered that the yak was originally domesticated from an ancestral wild yak population dating 7300 years ago in a process involving a severe population bottleneck, artificial selection events and continuous bidirectional gene flow (Qiu et al. 2015; Zhang et al. 2016) . However, despite the characterization of the potential selective sweep regions in the domestic yak genome, little is known about the specific effects on genome-wide patterns of deleterious variations in yak populations that are associated with their domestication. A more comprehensive understanding of deleterious mutations and private deleterious genes at the whole-genome level could provide additional evidence for use in unraveling the genetic basis of the yak domestication.
Here, we used whole-genome resequencing data from 59 domestic and 13 wild yaks to assess the pattern of deleterious mutations throughout the yak genome. The purpose of this study was to: (i) carry out a genome-wide scan for deleterious mutations in the yak genome, (ii) evaluate the role of domestication in the accumulation of deleterious mutations and (iii) infer the functional effects of deleterious genes in the domestic yak.
Materials and methods

Datasets
We re-analyzed whole-genome resequencing data from 59 domestic and 13 wild yaks. All reads were obtained in our previous study (Table S1 ), which were deposited in the European Molecular Biology Laboratory (EMBL/EBI) Nucleotide Sequence Database under the accession number PRJNA285834. The domestic yaks were sampled across the main geographic distribution of the species, and the wild samples were collected from corpses of wild yaks in the central Kokohili region (Qiu et al. 2015) . For each sample, genomic DNA was extracted from muscle samples using a standard phenol/chloroform extraction method (Green & Sambrook 2012 
SNP calling and classification
We used our previous approach to call SNPs at the population level for domestic and wild yaks (Qiu et al. 2015) . Briefly, we performed a per-base sequence quality check and filtered out low-quality reads. The remaining high-quality reads were then mapped to the yak reference genome using BURROWS-WHEELER ALIGNER (BWA-MEM 0.7.10-r789; ) software with default parameters. To minimize the influences of sequencing and mapping bias, we next removed low-quality alignments and discarded low-quality sites. Finally, we used the SAMTOOLS (version 0.1.19-44428cd; ) and ANGSD (Korneliussen et al. 2014 ) software packages to estimate genotype likelihoods and call SNPs. Because ANGSD infers more SNP sites than SAMTOOLS does, we retained only the SNPs obtained from the overlap of those discovered by these two software packages with a critical threshold of P-value = 10 À2 . SNPEFF was used to determine the SNP effects based on the predicted coding regions in the annotated yak genome, classifying the SNPs as synonymous, nonsynonymous, nonsense, intergenic region, intron variant and splice variant (Cingolani et al. 2012) . We determined nonsynonymous/synonymous (NS/S) ratios in domestic and wild yaks for each of 10 000 random samples to avoid bias due to the different numbers of samples in each population (59 domestic yaks, 13 wild yaks), ensuring that each sample had a distribution of allele frequencies matching deleterious sites (t-test, P-value <0.05).
Identifying deleterious mutations
Nonsynonymous SNPs were assessed using the PROVEAN (PROTEIN VARIATION EFFECT ANALYZER), POLYPHEN2 (POLYMORPHISM PHENOTYPING) and SIFT4G (SORTING INTOLERANT FROM TOLERATED) software tools (Choi et al. 2012; Adzhubei et al. 2010; Vaser et al. 2016 respectively) . The PROVEAN tool is based on position-specific iterated BLAST (PSI-BLAST) searching in the NCBI non-redundant protein database, which identifies protein sequence homologs closely related to the query sequence and uses amino acid variations between the sequences to calculate alignment scores. The POLYPHEN2 tool uses the 'HumDiv' model and categorizes missense mutations as probably damaging, possibly damaging, unknown, or benign with default parameters. The SIFT4G tool uses sequence homology to compute the likelihood of an amino acid substitution having an adverse effect on protein function. A SNP identified as being deleterious via three approaches is more likely to be genuinely deleterious (Kono et al. 2016) . We therefore used only mutations that were classified as deleterious by all three of the above methods for subsequent analyses (Chun & Fay 2011; Kono et al. 2016) .
Analysis of accumulation of deleterious mutations
We reconstructed the ancestral state to assess the accumulation of deleterious mutations in domestic and wild yaks. A custom Perl script was used to loop over the genotype calls for each site to identify the ancestral state. A total of 79.91% of the sites were found to have the same homozygous genotype in both cattle and American bison; this genotype could therefore be used directly as the ancestral state. We counted the number of variants in each sample (59 domestic and 13 wild yaks). The total number of derived alleles was based on counting each heterozygous genotype once and each homozygous-derived genotype twice (Marsden et al. 2016) . To avoid inaccuracies resulting from the difference in the number of samples, sampling was performed 1000 times to estimate the variance of the result. We performed syntenic alignments within the taurine genome (UMD3.1) to identify the location of each deleterious mutant gene on the chromosome (Zhang et al. 2016) .
We also compared the proportions of private, private nonsynonymous, private synonymous and private deleterious mutations between domestic and wild yaks. To assess whether there was a higher ratio of deleterious to neutral SNPs in selective sweep regions relative to nonsweep regions, we examined two different statistics of genetic variation: Watterson's h (genetic diversity) and the derived allele count (DAC) per 100 SNPs (Marsden et al. 2016) . We further computed these two indicators of genetic variation for four categories of sites: coding sequence region sites near sweeps, coding sequence region sites not near sweeps, intergenic region sites near sweeps and intergenic region sites not near sweeps. The distribution of each parameter of Watterson's h and DAC was acquired by a bootstrapping resampling method. A total of 182 potential selective sweep regions were defined in our previous study, inferred from the greatest differences in genetic diversity and the most extreme values for the population differentiation statistic (F st ) between wild and domestic yaks (Qiu et al. 2015) .
Enrichment analysis and prediction of the disease consequences of deleterious genes
Assignment of functional Gene Ontology (GO) categories was performed using the BLAST2GO program (Conesa & G€ otz 2008) . A hypergeometric test was used to calculate the statistical significance of enrichment. The P-values were adjusted by the false discovery rate with an adjusted P-value cutoff of 0.05. We further assessed whether the private deleterious genes of domestic yaks were related to Mendelian diseases based on the OMIM (Online Mendelian Inheritance in Man) database (http://omim.org/).
Results and discussion
Variant calling and identification of deleterious SNPs
The whole-genome resequencing data obtained in our previous study had an average depth of 6.79 and a coverage close to 98% of the assembled yak genome, indicating that they were sufficient in quantity and of high enough quality for SNP calling (Table S1 ). After filtering according to specific quality thresholds, we detected a total of 12.91 million high-quality SNPs, most of which (70.59%) were located in intergenic regions. Among coding sequence regions, we identified 54 292 synonymous, 40 159 nonsynonymous and 518 nonsense mutations (loss-of-function mutations) ( Table 1) . To examine differences in SNP datasets compared to those from our previous studies, we computed the folded genome-wide site frequency spectrum from 59 domestic and 13 wild yaks. The results showed that the spectrum is similar to those in our previous work (Fig. S1 ) and that the SNPs constitute an accurate dataset for subsequent analysis.
Through the intersection of the three software tools, we identified 3453 deleterious mutations, which accounted for 8.60% of all nonsynonymous mutations ( Table 2) . As the exact number of these mutations depends on gene prediction, a more precise gene prediction tends to give more accurate values for the numbers of potentially deleterious sites. The derived allelic frequency spectrum of putatively deleterious mutations identified by the three methods showed that SNPs inferred to be deleterious were generally at a low derived allelic frequency, implying that these SNPs truly show signals of deleteriousness (Fig. S2) (Kono et al. 2016) . It should be noted that some of the mutations could be advantageous. However, it is difficult to identify advantageous mutations from protein sequences alone. We observed that the frequency of deleterious mutations was much lower than that of moderate mutations (Fig. S3) , suggesting that most of them were genuinely deleterious (Kono et al. 2016) rather than advantageous, which might be present at a higher frequency.
Accumulation of deleterious mutations in the domestic yaks
To assess whether domestication led to the accumulation of deleterious mutations, we focused on codon changes between the domestic and wild yak genomes that would result in amino acid differences. The domestic yak genomes showed a higher NS/S ratio based on heterozygous SNPs (Wilcoxon rank-sum test, P-value <0.05; Fig. S4 ) than did the wild yak genomes. These findings are consistent with a previous study that showed that an increased NS/S ratio is a result of nonsynonymous fixation during domestication (Li et al. 2014) . We then evaluated the number of deleterious variants in domestic and wild yaks. On the basis of the results, the domestic yaks had a total of 3187 deleterious mutations (1202-1470 per individual) in 2586 genes (976-1091 per individual) and the wild yaks had a total of 2067 deleterious mutations (974-1019 per individual) located in 1701 genes (743-808 per individual) ( Fig. 1 ; Table S1 ). We also found out that the domestic yaks carried a higher number (t-test, P < 0.05) of deleterious aminoacid-changing variants in the heterozygous and homozygous states than did the wild yaks (Fig. 2a) . In comparison, the difference between domestic and wild yaks was not so significant for synonymous mutations (Fig. 2b) . Our findings support the generally held view that domestication can exert a dramatic effect on the accumulation of harmful mutations (Lu et al. 2006; Cruz et al. 2008; Kono et al. 2016; Michot et al. 2016) given that a large number of deleterious mutations was observed in domestic yaks. Furthermore, 19.63% of the private nonsynonymous mutations in the domestic yaks were found to be deleterious, whereas only 16.45% were deleterious in wild yaks (Table 3) . These results were in agreement with the theory of domestication, which predicts that private de novo mutations arise during domestication and that there are more deleterious variants present in domestic populations (Renaut & Rieseberg 2015) .
We then evaluated the accumulation of deleterious mutations in 182 selective sweep regions, which were identified in our previous population genomics study (Qiu et al. 2015) . We found the probability of occurrence of deleterious mutations (the number of deleterious mutations divided by that of all mutations) in the selective sweeps was 0.00073, whereas in the whole genome this value was lower (0.00031). The genetic diversity can be characterized by Watterson's h as accumulating faster in coding regions than in neutral intergenic regions (Marsden et al. 2016) (Fig. 3a) . We also observed that the proportion of derived alleles were significantly higher in sweep regions than in the other regions (Fig. 3b, Table S2) . A locally increased level of deleterious mutations in selective sweeps will lead to a pattern of accumulation similar to that expected after domestication (Huber et al. 2016) . Hence, the results probably indicate that genetic load did not accumulate randomly in the domestic yaks and provide direct evidence to explain the accumulation of deleterious mutations in sweep regions.
Our results suggest that the differences in the distribution of deleterious mutations between the domestic and wild yak populations and between selective sweep and non-selective sweep regions are largely consistent with an excess of deleterious mutations arising as a consequence of domestication. Although these findings are intriguing, it should be noted that our analyses were based on a small panel of samples. Consequently, it will be necessary to perform additional genomic analyses using a larger number of domesticated and wild samples to test the precise extent to which deleterious mutations accumulated during yak domestication.
Enrichment of private deleterious mutation genes
In this study, we found 837 private deleterious mutations affecting genes in the domestic yaks and 132 in the wild yaks. To obtain an overall picture of the functions that may be affected by our set of deleterious variants, we performed a gene enrichment analysis using BLAST2GO software (Conesa 
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). Functional analysis revealed that private deleterious genes in domestic yaks were significantly related to sensory perception of smell (GO:0007608), detection of stimulus involved in sensory perception (GO:0050906), olfactory receptor activity (GO:0004984), detection of chemical stimulus (GO:0009593), sensory perception (GO:0007600) and nervous system process (GO:0050877) (adjusted P-values <0.05; Table S3 ). In contrast, the private deleterious mutations in wild yak genes were not significantly enriched for any functional category. The sense of smell is important if wild yaks are to find food, companions and pathways in the snowfield, and it has been reported that olfactory sensation genes are significantly expanded in the yak genome (Qiu et al. 2012) . The domestic yak populations would have faced a lower level of environmental pressure than would the wild populations (Wiener et al. 2003; Qiu et al. 2015) . Unlike wild yaks, domestic yaks are provided food resources and shelter by herdsmen; therefore their sense of smell may have been released from selective stress (Bj€ ornerfeldt et al. 2006; Wang et al. 2010) .
We further identified 36 private deleterious genes of the domesticated yaks that are putatively involved in Mendelian genetic diseases. Among them, eight genes (OR51E2, USH2A, CRB1, POLE, OTOG, TBCC, TAS2R38 and LRIT3) were found to be involved in hearing, olfactory and visual diseases, suggesting that genes underlying sensory perception diseases rapidly evolve in response to environmental changes. For instance, the OR51E2 gene encodes a member of the olfactory receptor subfamily of G protein-coupled receptors, which has a general role in the olfactory system (Xu et al. 2000) . The POLE gene is widely involved in the development of cataracts, one of the most common eye diseases that cause reticular pigmentary retinal dystrophy (Schauwvlieghe et al. 2013) . The OTOG gene encodes an Nglycosylated protein that is present in the acellular membranes covering the six sensory epithelial patches of the inner ear. It plays indispensable roles in hearing function, so mutations in this gene might lead to hearing loss (Simmler et al. 2000) .
Strong selection usually affects neurological characteristics during the initial steps of animal domestication and may increase mutations in disease-related genes (Michot et al. 2016) . Here, we detected a deleterious mutation in the CSMD1 gene. The CSMD1 gene encodes an important regulator of complement activation and inflammation, which influences processes in the developing central nervous system and epithelial tissues (Kraus et al. 2006) . Compared to wild yaks, domestic yaks exhibit smaller body size, and interestingly, we found three disease-related genes We performed the bootstrap 1000 times by randomly selecting 50% of the corresponding regions and estimating the parameters. Error bars represent standard variations. P < 0.05 for all comparisons using a two-tailed t-test.
(IL2RB, STEAP4 and PPP1R3A) that affect skeletal development (Corrigall et al. 2001; Zhou et al. 2013) . The domestication process in livestock has also changed the immune response and DNA repair system. Interestingly, eight deleterious mutations (ARMT1, SEMA4D, EBI3, IQSEC3, USP1, PNKP, FANCA and EXO1) were found in genes associated with these systems. Deleterious mutations in genes influencing sensory perception, skeletal development and the nervous and immune systems may reflect the substantial increase in diseases triggered by transfer to domestic surroundings. Hence, our results suggest that deleterious genes are important factors leading to diseases and that domestication may have enhanced the likelihood of yaks becoming susceptible to disease. To properly test this hypothesis, it will be necessary to perform additional functional and physiological experiments that should be integrated with genomic/transcriptomic analyses of larger-scale domestic yak samples. Our disease-related gene set will be fundamental as a basis for subsequent breeding studies and can also be used in genetic disease research.
Conclusions
Our study identified a total of 3187 deleterious sites comprising 2586 genes in the domestic yak genome and 2067 deleterious mutations comprising 1701 genes in the wild yak genome. This number is similar to those found in other domesticated plants and animals, such as barley, soybean and dog (Kono et al. 2016; Marsden et al. 2016) . Domestic yaks have a higher NS/S ratio and more derived deleterious variants than do wild yaks, indicating that the domestication process has had a dramatic effect on the accumulation of deleterious variation in this population (Li et al. 2014; Marsden et al. 2016; Michot et al. 2016; Freedman et al. 2016; Makino et al. 2018) . Furthermore, our analyses have shown that selective sweep regions tend to accumulate more deleterious mutations than do nonsweep regions, suggesting that artificial selection for important traits for animal husbandry may result in the concomitant accumulation of deleterious mutations in genes trapped in sweep regions (Renaut & Rieseberg 2015) . Functional enrichment analyses revealed that genes with deleterious mutations are related mainly to sensory perception. Thirty-six of the private deleterious genes in the domesticated yaks were found to be related to Mendelian genetic diseases. Additional experiments are needed to verify the functional consequences of the deleterious mutations that we have identified as being associated with domestication (Kanae et al. 2007; Michot et al. 2016) . Our study represents a comprehensive genomic analysis of deleterious mutations in yak and provides valuable insights into the evolutionary dynamics of genetic variation in the context of domestication. The database presented in this study will constitute an important genetic resource for future work on the identification of genetic defects and for breed improvement in yak and other bovid species.
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